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Abstract 
The spatial distribution of phytoplankton in the surface waters of a typical, deep subalpine lake was investigated by 
analysing water samples collected at 3 depth ranges (0–1, 9–13, and 15–19 m) at 7 sites (21 total samples) using a 
generalized linear model. The biovolume of different phytoplanktonic taxa significantly differed between depth ranges. 
Different algal taxa showed maximum population density at different depths as a result of different optima of light, 
physical conditions, and nutrients. The layer at 9–13 m depth showed the greatest abundance of phytoplankton, mainly 
represented by Bacillariophyceae and Cyanobacteria. Conversely, Chlorophyceae, which require few nutrients and are 
not inhibited by high light energy, were most abundant at the surface. The vertical heterogeneity in phytoplankton distri-
bution closely paralleled that of nutrients, which in turn depend on the stable thermal stratification of the lake water 
column. Biovolume of phytoplankton taxa and chemical parameters did not differ significantly between sampling sites 
some kilometers apart due to large horizontal water movements in the lake that create relatively uniform conditions 
throughout the basin. 
Key words: horizontal and vertical heterogeneity, phytoplankton productivity
Introduction
Numerous studies on phytoplankton productivity have 
focused on temporal variations within a lake (Carrick et al. 
1993, Berman et al. 1995), generally at seasonal time 
scales (Lehmann et al. 2004, Arst et al. 2008). Recently, 
there has been increased interest in horizontal variations in 
phytoplankton productivity within lakes (Descy et al. 
2005, von Westernhagen et al. 2010). Spatial heterogene-
ity patterns of phytoplankton are influenced by interac-
tions among light, nutrients, temperature, and mixing 
depth (McIntire et al. 2007), as well as lake morphological 
characteristics (Håkanson 2005, Staehr et al. 2012). 
Furthermore, several studies have demonstrated spatial 
variations in phytoplankton production at various temporal 
scales (Descy et al. 2005, Çelik 2006, Qu et al. 2007).
Production in the surface mixed layer of temperate 
lakes may be highly seasonal, often restricted by availabil-
ity of nutrients as particulate material is lost from the 
trophogenic zone over the stratified period, and by 
seasonal variations in light (Vanni and Temte 1990). A 
common pattern of phytoplankton productivity in dimictic 
and warm monomictic lakes of the Northern Hemisphere 
is low rates during winter stratification and during late 
winter or spring circulation, an increase associated with 
the rapid increase in diatom biomass, and a peak later in 
spring–summer before a decline in autumn (Wetzel 2001, 
Garibaldi et al. 2003, Salmaso et al. 2012). 
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The aim of this study was to quantify the relative 
importance of spatial distribution of phytoplankton in 
surface waters of a typical deep subalpine lake (Lake Iseo, 
northern Italy) during the summer thermal stratification. 
We hypothesised that during this period the phytoplankton 
distribution may show a strong vertical heterogeneity but 
weak horizontal heterogeneity. Historical data (some 
unpublished; see also Salmaso et al. 2012 and references 
therein) describing the seasonal pattern of nutrients and 
phytoplankton in Lake Iseo were used to make 
comparisons with our results. 
Study site
Lake Iseo is a subalpine, oligomictic, meso-eutrophic lake 
located in northern Italy with a theoretical renewal time of 
~4.2 years (Garibaldi et al. 2003). The lake is relatively 
long and narrow, with steep sides and a thalweg oriented 
north–south (Fig. 1). It has an area of 60.9 km2, a 
maximum depth of 251 m, and a mean depth of 123 m. 
The major inflows into Lake Iseo are the Oglio River and 
Italsider Canale at the northern end, and the major outflow 
is the Oglio River at the southern end. Monte Isola Island, 
situated in the central part of the lake, is the largest and 
highest lacustrine island in Europe.
The lake underwent a relatively rapid eutrophication in 
the 1970s, mainly due to large nutrient loading from the 
inflows (Garibaldi et al. 2003). Since 1992, many studies 
have been conducted in Lake Iseo (see Salmaso et al. 2012 
and references therein, Valerio et al. 2012, de Vilhena et 
al. 2013, Hogg et al. 2013); water samples taken continu-
ously over the last decades at the deepest point of the 
basin (Site 3 in Fig. 1) form the basis for a description of 
the trophic evolution of the lake and phytoplanktonic 
community (Garibaldi et al. 2003, Salmaso et al. 2012).
Materials and methods
Water samples 
Nutrient concentrations and phytoplankton biomass and 
composition were analysed from water samples collected 17 
July 2010 at 7 sites along the longitudinal axis of the lake 
(Fig. 1) from the surface (0–1 m) and depths of 9–13 m and 
15–19 m (hereafter called depths 1, 2, and 3, respectively) 
using a Van Dorn bottle. The survey period was selected 
because previous studies have indicated that density and 
diversity of phytoplankton is highest at this time of year 
(Garibaldi et al. 2003, Salmaso et al. 2012). Two replicates 
of each sample were collected, and the sampling depths 
were varied slightly to correspond to the depths of peak 
chlorophyll a (Chl-a) concentrations as recorded with a 
Multi-Scale Profiler (MSP; Hogg et al. 2013). 
A portion of each collected water sample (500 mL) 
was stored on ice and sent to the laboratory for analysis of 
nutrients, including total phosphorus (TP), total nitrogen 
(TN), nitrate (NO3-N), nitrite (NO2-N), ammonia (NH3-N), 
reactive phosphorus (PO4-P), silica (SiO2), and Chl-a. The 
nutrient and Chl-a analytical procedures followed 
standard methods described in detail by Leoni et al. 
(2007). Inorganic nitrogen (InN) was computed from the 
relationship InN = NO3-N + NO2-N + NH3-N, and organic 
nitrogen (OrN) was computed from the relationship OrN 
= TN − InN. Water temperature, dissolved oxygen, and 
photosynthetically active radiation were measured in situ 
with the MSP; conductivity was measured in the 
laboratory with a conductimeter, Radiometer PHM 83.
The remaining water samples were fixed with acetic 
Lugol’s solution immediately after collection and sent to 
the laboratory for phytoplankton counting and identifica-
tion. Algal cells were counted on Zeiss Axiovert 135 and 
IM35 inverted microscopes. At least 200 individuals of 
the most abundant species were counted, with a counting 
error of ~15%. Mean algal cell volumes for each species 
Fig. 1. Bathymetry of Lake Iseo. Sampling sites indicated by solid 
circles. Site 3 was sampled for long-term investigations. Isobath 
interval is 10 m.
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were estimated using the approximation of cell 
morphology to regular geometric shapes. Species identifi-
cation and definition of taxonomic orders followed the 
more recent monographs of the series Süßwasserflora von 
Mitteleuropa and specific manuals of the series Das Phy-
toplankton des Süßwassers (see Leoni et al. 2007).
Statistical analysis
The variation in chemical and biological parameter con-
centrations among the different depths and among the 7 
sampling sites was evaluated using a generalized linear 
model (GLM), a statistical procedure similar to an 
analysis of variance used to estimate effect size of 
different factors on a variable of interest (Madsen and 
Thyregod 2011). In this study, the response variables were 
chemical and biological parameters, and the predictors 
were depths and sampling sites. 
Several analyses were run on our dataset, but 
performing numerous tests on the same set may have 
increased the risk of type I statistical error (i.e., the 
rejection of the null hypothesis of no difference between 
the depths or sites due to mere chance). A conservative 
approach to reduce the risk of type I errors is to adopt a 
Bonferroni correction of significance of statistical tests 
(Rice 1989), whereby the significance limit is initially set 
at 0.05/k (the number of simultaneous tests on given data). 
Finally, post-hoc Bonferroni test comparisons for 
significant interaction terms were conducted. Statistical 
analyses were performed using SPSS 17.0 software 
(SPSS, Chicago, IL).
Results
Patterns of environmental parameters
During summer as well as the sampling day, the wind 
pattern in Lake Iseo was characterised by northerly winds 
along the thalweg during the night and southerly winds 
during the afternoon. The water column exhibited a 
strong, relatively constant thermal stratification, with a 
warm surface mixed layer ~10 m deep and with a 
temperature of ~26 °C, separated from the cold 
hypolimnion at ~6.5 °C by a sharp metalimnion ~10 m 
thick (Fig. 2a; Valerio et al. 2012, de Vilhena et al. 2013). 
Dissolved oxygen concentrations were >12 mg L−1 in the 
top 12 m and dropped to <8 mg L−1 at the depth of 16 m 
(Fig. 2b). The depths of the 1% (euphotic zone) and 0.1% 
light availability were ~9–10 m and 16–19 m, respectively 
(Marti et al., unpubl. data). 
Concentrations of nutrients varied widely among the 
different depths and slightly among the sampling sites, as 
demonstrated by the GLM results (Table 1). After 
Bonferroni correction (Table 2), most of the chemical 
parameters significantly differed between depth ranges, 
whereas no significant differences among sampling sites 
were observed (Table 1). The only exception was NH3-N, 
which showed similar concentrations in the surface 
layer. Generally, chemical parameters showed signifi-
cantly different concentrations between depth 1 and 
depth 2, and between depth 2 and depth 3 (with the 
exception of TN). No significant differences between 
depth 1 and depth 3 were found for SiO2, OrN, or TP 
(Table 2).
Conductivity and InN and its different forms increased 
progressively with depth; NO3-N mean concentrations 
were 361 μg L−1 at depth 1 and 694 μg L−1 at depth 3 
(Fig. 3). OrN, SiO2, TP, and PO4-P had maximum concen-
trations at depth 2 (Fig. 3). OrN mean concentrations 
were 400, 650, and 400 μg L−1 at depths 1, 2, and 3 
respectively. SiO2 mean concentration had values of 
932 μg L−1 at depth 2 and ~700 μg L−1 at depths 1 and 3. 
TP mean concentrations were 11, 22, and 17 μg L−1 at 
depths 1, 2, and 3, respectively, and PO4-P mean concen-
trations were 10 μg L−1 at depth 2, decreasing to 5 μg L−1 
at depths 1 and 3. 
Phytoplankton distribution
The concentration of Chl-a and biomass of total phyto-
plankton and of different taxa in Lake Iseo varied signifi-
cantly among the different depths, as demonstrated by the 
GLM results (Table 1). No significant differences in phy-
toplankton species composition and biomass were 
observed among the sampling sites (Table 1). Four taxa, 
Diatoma elongatum, Planktothrix rubescens, Mougeotia 
sp., and Sphaerocystis schroeteri accounted for >90% of 
the total biovolume of the identified taxa. Single peaks in 
total Chl-a were observed at depth 2 in all sampling sites. 
Fig. 2. Profiles taken with the MSP at Site 3 at 16:00 on 17 July 
2010; (a) water temperature, (b) dissolved oxygen, and (c) Chl-a 
measured by fluorescence. Only the top 25 m is shown.
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The depth of the deep Chl-a maximum (DCM; Camacho 
2006) was slightly variable, ranging from 10 to 12 m, and 
tracked the depth of the 18 °C isotherm (i.e., top of the 
metalimnion; Fig. 2c). 
At 10–12 m depths, Chl-a concentrations reached a 
mean value of 15 µg L−1, while at depths 1 and 3 mean 
values were 5 and 7 µg L−1, respectively (Fig. 4). 
Accordingly, phytoplankton biomass peaked at depth 2 
in all analysed sampling sites (Fig. 4), reaching a value of 
8100 mm3 m−3. In depth 1, phytoplankton biomass was 
sustained by the green alga Sphaerocystis schroeterii, 
which contributed 55.5% of the total biovolume of the 
identified taxa. At depths 2 and 3, diatoms and cyanobac-
teria made up large proportions of the total phytoplankton 
biomass. In depth 2, Planktothrix rubescens and Diatoma 
elongatum contributed  32% and 37% of the total 
biovolume, while in depth 3 they contributed 24% and 
40% of the total, respectively. 
Different algal taxa had maximum population densities 
at different depths as a result of different optima of light, 
physical conditions, and nutrients (Table 1). Bonferroni 
post hoc tests (Table 2) were performed to analyse 
differences in Chl-a and phytoplankton distribution among 
the 3 sampled depths. With the exception of Chlorophy-
ceae, all phytoplanktonic groups had significantly different 
biovolumes between depths 1 and 2 and between depths 2 
and 3. Conversely, a significant difference between depths 
1 and 3 was detected only in Chlorophyceae.
Fig. 3. Mean values (+SE) of conductivity, total and reactive 
phosphorus, nitrogen compounds, and reactive silica at the 3 
different depths. Depth: 1 = 0–1 m, 2 = 9–13 m, and 3 = 15–19 m. 
Mean values were calculated from the 7 stations. Note that the y-axis 
scale is different depending on each variable measured. Cond = 
conductivity; TP = total phosphorus; PO4-P = reactive phosphorus; 
TN = total nitrogen; InN = inorganic nitrogen; OrN= organic 
nitrogen; NO3-N = nitrate nitrogen; NH3-N = ammonia nitrogen; Si 
= reactive silica.
Fig. 4. Mean values (+SE) of Chl-a, total phytoplankton biovolume, 
and biovolume of Bacillariophyceae (Bacil), Cyanobacteria (Cyano), 
Conjugatophyceae (Conju), and Chlorophyceae (Chloro) at the 3 
different depths. Depth: 1 = 0–1 m, 2 = 9–13 m, and 3 = 15–19 m. 
Mean values were calculated from the 7 stations. Note that the y-axis 
scale is different depending on each phytoplanktonic taxon.
Fig. 5. Monthly variations of biovolume of dominant phytoplankton 
taxa at Site 3 in the layer 0–20 m in 2010 before the study period. 
Bacillariophyceae (Bacil), Cyanobacteria (Cyano), Conjugatophy-
ceae (Conju), Cryptophyceae (Crypto), and Chlorophyceae (Chloro).
DOI: 10.5268/IW-4.3.569
307Summer spatial variations in phytoplankton composition and biomass in surface waters
Inland Waters (2014) 4, pp. 303-310 
       DEPTH SITE
F(2.18) P F(6.14) P
Cond 221.923 <0.001* 2.593 0.076
TP 27.261 <0.001* 1.327 0.318
PO4-P 55.500 <0.001* 1.986 0.147
TN 45.868 <0.001* 3.784 0.024
InN 158.850 <0.001* 3.298 0.037
OrN 12.467 <0.001* 1.331 0.316
NO3-N 117.780 <0.001* 2.783 0.062
NH3-N 4.020 0.046 0.881 0.537
SiO2 7.819 00.007* 2.471 0.086
Chl-a 25.798 <0.001* 3.304 0.037
Cyano 11.892 00.001* 0.616 0.715
Bacil 10.795   0.002* 2.128 0.125
Chloro 21.159 <0.001* 3.017 0.506
Conju 3.140 0.080 3.108 0.045
Total phyto 24.901 <0.001* 3.654 0.027
Table 1. General linear model of chemical and biological parameters as dependent variables, and sites and depth as fixed factors. Results of 
phytoplankton biomass are shown. Similar results were observed using density values. *statistically significant after step-wise Bonferroni 
correction. Cond = conductivity (µS cm−1); TP = total phosphorus (µg L−1); PO4-P = reactive phosphorus (µg L−1); TN = total nitrogen (µg L−1); 
InN = inorganic nitrogen (µg L−1); OrN = organic nitrogen (µg L−1); NO3-N = nitrate nitrogen (µg L−1); NH3-N = ammonia nitrogen (µg L−1); 
SiO2 = reactive silica (µg L−1); Chl-a (µg L−1); Cyano = Cyanobacteria (mm3 m−3); Bacil = Bacillariophyceae (mm3 m−3); Chloro = Chlorophy-
ceae (mm3 m−3); Conju = Conjugatophyceae (mm3 m−3); Total phyto = total phytoplankton (mm3 m−3).
        Depth 1 vs. 2         Depth 1 vs. 3         Depth 2 vs. 3
.        MD ± SE       MD ± SE       MD ± SE
Cond  22.43 ± 2.53** 51.86 ± 2.53** 29.43 ± 2.53**
TP  10.57 ± 1.44** 6.43 ± 1.44* -4.14 ± 1.44*
PO4-P    5.00 ± 0.56** n.s. -5.00 ± 0.56**
TN  382.96 ± 43.47** 403.86 ± 47.47** n.s.
InN  151.14 ± 20.24** 359.29 ± 20.24** 208.14 ± 20.24**
OrN  231.71 ± 49.24** n.s. -187.14 ± 49.24*
NO3-N 134.29 ± 21.82** 332.86 ± 21.82** 198.57 ±  21.82**
Si 200.43 ± 63.41* n.s. -230.71 ± 63.41*
Chl-a    9.90 ± 1.46** n.s. -7.90 ± 1.46**
Cyano  2593.43 ± 543.16** n.s. -1763.63 ± 543.16*
Bacil  3068.08 ± 667.24* n.s. -1920.21 ± 667.24**
Chloro -1796.17 ± 345.82* -2071.12 ± 345.82**  n.s.
Total phyto  4473.40 ± 763.26** n.s. -4834.94 ± 763.26
Table 2. Bonferroni post hoc tests perform multiple comparisons between means of different depths. Only significant dependent variables are 
shown. (*P < 0.05; **P < 0.001). NH3-N and Conjugatophyceae were excluded because no significant results were found in the GLM analysis. 
MD = difference between means; SE = standard error; Cond = conductivity (µS cm−1); TP = total phosphorus (µg L−1); PO4-P = reactive 
phosphorus (µg L−1); TN = total nitrogen (µg L−1); InN = inorganic nitrogen (µg L−1); OrN= organic nitrogen (µg L−1); NO3-N = nitrate nitrogen 
(µg L−1); SiO2 = reactive silica (µg L−1); Chl-a (µg L−1); Cyano = Cyanobacteria (mm3 m−3); Bacil = Bacillariophyceae (mm3 m−3); Chloro = 
Chlorophyceae (mm3 m−3); Total phyto = total phytoplankton (mm3 m−3); n.s. = not significant.
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Discussion
Investigations on phytoplankton of Lake Iseo conducted at 
an appropriate spatial scale can elucidate the distribution 
of the algal populations. Our study on distribution of phy-
toplankton, investigated in 7 sites at 3 different depths 
during the summer stratification, showed that the spatial 
heterogeneity in the vertical dimension is greater than that 
in the horizontal dimension. The results on biovolume of 
phytoplankton taxa, Chl-a, and chemical parameter con-
centrations indicated no significant variability in the 
spatial distribution among the sampling sites that were 
some kilometers apart, due largely to horizontal water 
movements in the lake that create relatively uniform 
conditions throughout the basin (Valerio et al. 2012, de 
Vilhena et al. 2013). 
During summer thermal stratification in deep lakes, the 
vertical heterogeneity can be represented by the gradient 
of water temperature and light and nutrient availability. In 
summer, water temperature and light decrease with depth 
while nutrients usually increase (Diehl et al. 2002, 
Salmaso et al. 2012). In Lake Iseo, chemical parameters 
and inorganic nutrient concentrations showed a typical 
pattern for monomictic lakes, with low values of conduc-
tivity and P, N, and Si compounds in the surface layer in 
summer. In July, the observed vertical heterogeneity of 
conductivity and chemical features can explain the phyto-
plankton biomass distribution and primary production, but 
the strong depletion of nutrients in some layers may also 
reflect high rates of uptake associated with elevated phy-
toplankton production during spring (Garibaldi et al. 
2003, Salmaso et al. 2012). The resulting low levels of 
nutrients in the surface layer could be related to Bacillari-
ophyceae growth in March–April (Leoni and Garibaldi, 
unpubl) and of Chlorophyceae in May (Fig. 5). 
Diatom growth is stimulated in spring by deep-water 
mixing phenomena, nutrient availability (especially SiO2), 
and relatively low water temperatures (Druart and Rimet 
2008). Turbulence plays an essential part in the survival of 
the population in free water; permanent redistribution 
prevents diatoms from sinking out of the euphotic layer, 
making further development possible (Horn and Horn 
1993). In Lake Iseo, as in many monomictic lakes, the 
“clear water phase” peaked (Dröscher et al. 2009) when 
the water temperature of the surface layer reached ~16 °C 
and Daphnia spp. reduced phytoplankton densities, often 
to an annual minimum (mainly diatoms; Fig. 5). Filter-
feeding zooplankton can affect seasonal succession of 
phytoplankton composition and biomass through both 
grazing and nutrient recycling, as excreted dissolved 
nutrients and feces, at higher levels for elements that are 
in excess compared to their elemental body requirements 
(Danger et al. 2012).
The high variability of Chl-a concentration among 
depths found in this study indicates that Chl-a can account 
for local differences in productivity in different layers. 
Concentrations of Chl-a in the DCM were 2–3 times 
higher than surface- and deep-layer concentrations 
(Fig. 2c). Maximal abundances of diatoms, cryptophytes, 
cyanobacteria, as well as other algae forming deep 
chlorophyll layers, have been reported mostly for 
temperate lakes of North America and central and northern 
Europe (for references see Camacho 2006). Typically, a 
DCM is formed by only one or a few species of algae (or 
cyanobacteria) with extremely high population densities 
compared to epilimnetic algal abundance (Dukulil and 
Teubner 2012).
In Lake Iseo, mesotrophic conditions associated with 
vertical stratification that promote epilimnetic nutrient 
depletion allowed sufficient light to penetrate to the 
metalimnion where nutrient availability was higher. This 
higher nutrient pool and sufficient light availability (or the 
capacity for selective harvesting) favoured growth of 
Cyanobacteria and diatoms. Moreover, long-lasting strati-
fication maintained relatively constant conditions in the 
metalimnion, allowing organisms adapted to cope with 
these conditions to take advantage and colonise this 
environment, which is hostile for possible competitors. As 
a consequence, these algae accumulated dense populations 
at depths where these environmental conditions overlap 
with their capacities, resulting in a sharp stratification of 
phototrophic microorganisms.
In this study, a significant difference in the vertical dis-
placement of the major algal groups (Bacillariophyceae, 
Cyanobacteria, and Chlorophyceae) was observed. The 
vertical profiles clearly showed that each group occupied 
different water layers during the sampling day, and their 
biovolumes were significantly different. 
Phytoplankton can optimise their depth in the water 
column to maximise growth rate using the gradients of 
temperature, light, and nutrients (Reynolds 2006). In the 
surface layer of Lake Iseo, the phytoplankton biomass was 
sustained by the green alga Sphaerocystis schroeterii, 
which is immotile, has low nutrient requirements, and 
tends to saturate growth at higher irradiance than other 
microalgal classes and thus tolerates high light radiation 
levels (Reynolds 2006). In the metalimnion, cyanobacteria 
and diatoms find ideal growth conditions and dominate 
the total biomass. The main species of cyanobacteria was 
Planktothrix rubescens, which is often found in late 
summer and autumn in this lake (Garibaldi et al. 2003) 
and is usually present in waters with high TP, low light 
levels (Watson et al. 1997, Reynolds 2006), and moderate 
temperatures (Halstvedt et al. 2007, Oberhaus et al. 2007). 
Similar observations of the combined effects of light, P, 
and temperature on Planktothrix rubescens have also been 
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reported at several other sites (Salmaso 2002, Walsby and 
Schanz 2002, Jacquet et al. 2005). Among diatoms, the 
most abundant species was Diatoma elongatum (Garibaldi 
et al. 2003), a species that can tolerate low light levels, 
relatively low water temperatures, and low P and Si 
supply (Sommer 1986). 
Recently, there has been a growing interest in 
horizontal variations in phytoplankton productivity within 
lakes (Descy et al. 2005, Cęlik 2006, Qu et al. 2007). This 
heterogeneity has been examined mostly through 
numerical models (Naithani et al. 2007, Hillmer et al. 
2008) but few in situ studies (Cuypers et al. 2011). Studies 
of phytoplankton productivity in lakes have commonly 
extrapolated results from a single station to estimate 
whole-lake productivity (Lehmann et al. 2004, Arst et al. 
2008, Tadonléké et al. 2009). Our findings indicate that a 
single sampling station may be suitable for long-term pro-
ductivity studies involving interannual changes in produc-
tivity. This approach may also be appropriate to study 
deep, stratified lakes with simple morphology (such as 
Lake Iseo, which also shows a seasonal repeatability of its 
ecological habitat), and lakes with vertical spatial 
variations that dominate horizontal variations (Valerio et 
al. 2012). More detailed analyses involving several depths 
may be required to understand the interactions between 
vertical dispersion and productivity.
In summary, investigations on phytoplankton distribu-
tion conducted in Lake Iseo during the summer stratifica-
tion period showed significant vertical heterogeneity but 
weak horizontal heterogeneity of plankton distribution. 
Large vertical heterogeneity in phytoplankton commun-
ities in different water layers between the surface and 
metalimnion closely paralleled that of nutrients, which in 
turn depend on the stable thermal stratification of the lake 
water column. 
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